The characterization of the optical turbulence structure at an astronomical site requires a proper data base of the refractive-index structure constant, C 
I N T RO D U C T I O N
Atmospheric optical turbulence drastically degrades the potential spatial resolution of ground-based telescopes larger than around 20 cm. Adaptive optics systems were devised to compensate for the distortions introduced by the turbulence in the wavefront of the light reaching the pupil entrance of these telescopes. However, the larger the telescope diameter the more difficult it becomes to compensate properly for the effects of atmospheric turbulence. The current 10-m class and future 40-m class telescopes need to compensate for the prevailing turbulence conditions at the observing site by a factor from ∼50 (for 10-m class telescopes) to ∼200 (for a 40-m class telescope) in order to exploit their potential spatial resolution capabilities. A proper characterization of the statistical behaviour of the parameters describing the atmospheric turbulence at any particular site -namely Fried's parameter (r 0 ), the isoplanatic angle (θ 0 ) and the coherence time (τ 0 ) -is crucial for the design E-mail: bgarcia@iac.es of efficient systems working with one or several deformable mirrors. These parameters represent convenient measurements of the strength (r 0 ), vertical distribution (θ 0 ) and temporal variation (τ 0 ) of the atmospheric optical turbulence. They can be obtained from measurements of the refractive-index structure constant as a function of altitude (C 2 N (h)) and the vertical wind profile (V(h)) through the following equations (Roddier, Gilli & Vernin 1982a; Roddier, Gilli & Lund 1982b) :
θ 0 = 2.914k 
where k is the optical wavenumber. Therefore the distribution of the refractive-index structure constant with altitude and its statistical behaviour are crucial in the field of high-angularresolution imaging through the atmosphere and the development of efficient adaptive optics systems for large and extremely large telescopes. For simplicity, we will refer to C 2 N (h) as the optical turbulence profile.
The most contrasted and efficient remote sensing technique with which to measure and characterize atmospheric optical turbulence is SCIntillation Detection and Ranging (SCIDAR) in both classical and generalized versions (Vernin & Roddier 1973; Rocca, Roddier & Vernin 1974; Avila, Vernin & Masciadri 1997; Fuchs, Tallon & Vernin 1998; Kluckers et al. 1998; Avila, Vernin & Sánchez 2001; Johnston et al. 2002; Avila et al. 2004 Avila et al. , 2006 García-Lorenzo & Fuensalida 2006; García-Lorenzo et al. 2007; Vernin et al. 2007; Fuensalida, García-Lorenzo & Hoegemann 2008; García-Lorenzo et al. 2009a) . In brief, the SCIDAR observing procedure consists of taking short-exposure-time (<5 ms) images of the scintillation patterns, I(r), produced when observing a double-star system at the pupil plane of a telescope (classical SCIDAR) or at a virtual plane placed a few kilometres below the pupil plane (generalized SCIDAR). In the case of generalized SCIDAR, the scintillation pattern produced by each star of the binary observed is shifted on the detector (see Fig. 1a ). This shift depends on the position of the detection plane. A sample of such scintillation images obtained at times separated by a constant delay allows the calculation of the atmospheric turbulence profiles, C 2 N (h), and also the velocity of the turbulence layers detected.
The processing of the generalized SCIDAR data consists of the calculation of the autocovariance image, (r), of a series of recorded scintillation patterns. The autocovariance peaks allow the determination of C 2 N (h) using numerical inversion. The procedure to estimate the scintillation autocovariance is to compute the average autocorrelation of a series of scintillation images and to normalize by the autocorrelation of the average image of the same scintillation-image series (see equation 4). More details on the method and physics involved can be found in Kluckers et al. (1998) and references therein.
The result of normalization in generalized SCIDAR data processing is an inexact estimation of the optical turbulence strength as a result of the shift of the pupil images produced by each star on the detector (Johnston et al. 2002) . The effects of this normalization on the determination of C 2 N (h) were only analysed for turbulence at ground level (where commonly a large percentage of the turbulence is concentrated), being almost negligible (Johnston et al. 2002) . However, this idea was generalized to any altitude and many measurements of C 2 N (h) were obtained assuming that the errors due to the normalization were small enough to be negligible at any altitude (Avila et al. 1997 (Avila et al. , 2004 Fuchs et al. 1998; Kluckers et al. 1998; Prieur, Daigne & Avila 2001; Wilson et al. 2003; Tokovinin et al. 2005; García-Lorenzo & Fuensalida 2006; Egner, Masciadri & McKenna 2007; Vernin et al. 2007; Fuensalida et al. 2008; García-Lorenzo et al. 2009a ). However, Avila & Cuevas (2009) demonstrated that the dependence of the error induced by the normalization with altitude is strongly linked to the configuration of the generalized SCIDAR observations (telescope diameter, double-star parameters and position of the analysis plane); there are parameter combinations for which the relative errors are actually negligible, but other combinations for which these errors are significant. The analytical expression to calculate the relative errors introduced during generalized SCIDAR data processing is (Avila & Cuevas 2009) 
where d is the position of the analysis plane with respect to the pupil plane (in metres) and θ is the angular distance of the double-star system (in radians). a and b are parameters related to the difference in magnitude ( m) of the two stars observed, given by
and
where α = 10 −0.4 m . S(r) in equation (5) denotes the pupil autocorrelation, which can be calculated for any pupil function P (r) 
where F corresponds to the Fourier transform and F −1 to its inverse. It is important to note that the normalization during generalized SCIDAR data processing leads to an overestimation of the turbulence intensity for any of the possible parameter combinations. Turbulence profiles derived from generalized SCIDAR observations affected by the normalization error can be corrected for this induced error just by multiplying the retrieved C Results derived from generalized SCIDAR observations taken at Teide Observatory have already been published (García-Lorenzo & Fuensalida 2006; García-Lorenzo et al. 2007 , 2009a , assuming that errors at any altitude induced by normalization during the data processing were negligible. In this paper, we obtain the actual error introduced by the normalization of the scintillation autocovariance in the calculation of the C 2 N profiles recorded at Teide Observatory. All the C 2 N profiles in the Teide data base have been corrected for such an error. We present the statistical structure of the optical turbulence above Teide Observatory and its temporal evolution over a year. Table 1 ). The dome turbulence contribution was removed from all the turbulence profiles recorded using a procedure based on the evenness properties with Fourier analysis (Fuensalida et al. 2008) .
THE DATA
The generalized SCIDAR observations recorded at Teide Observatory were obtained by observing a set of 20 double stars (see Table 2 ), selected based on the binary system parameters and their visibility upwards of ∼70
• above the horizon, allowing full monitoring of the turbulence structure through the seasons.
Error induced by generalized SCIDAR data processing
The optical turbulence profiles, C 2 N (h), derived from generalized SCIDAR data are indeed an overestimation of the actual turbulence strength during observations (Avila & Cuevas 2009 ). As we have already mentioned, such an overestimation is the result of the shift between the pupil footprints of the two stars on the detector (see Fig. 1a ). The calculation of the error in C 2 N (h) is carried out through pupil autocorrelation (see equation 5) and knowledge of the parameters of the double star observed (see Table 2 ). Fig. 1(b) shows a diametral cut of the pupil autocorrelation of the 1.5-m Carlos Sánchez telescope derived through equation (8). Table 2 . Main parameters of the double stars used in the generalized SCIDAR observations recorded at Teide Observatory. m 1 designates the magnitude of the brightest star in the V band and m is the difference in magnitude between both stars. θ corresponds to the angular separation between the stars. The different positions of the analysis plane (d) with respect to the pupil plane used with each binary system are also summarized, including the percentage of turbulence profiles (C 2 N (h)) recorded for each configuration. The average percentage error induced during generalized SCIDAR data processing for each configuration is also included. Uncertainties indicate only the standard deviation of the averaged errors in altitude. Applying equation (5) for the different observational configurations of the generalized SCIDAR observations, we have calculated the actual error induced in the retrieved C 2 N profiles at this astronomical site (see Fig. 2 ). The turbulence strength at any altitude should be multiplied by a factor 1/[1+ (h)] to compensate for the error induced during the generalized SCIDAR data processing. 
Statistical structure of optical turbulence 939
The error in the determination of C 2 N strongly depends on the selected double stars and the analysis planes for generalized SCIDAR observations at the 1.5-m Carlos Sánchez Telescope (see Fig. 2 ). The C 2 N profiles recorded observing the double star BS5054 are the most affected (see Table 2 and 
Implications in the calculation of adaptive optics parameters
We have selected three of the SCIDAR observational configurations to assess the importance of the error induced during data processing (Avila & Cuevas 2009) in the calculation of the atmospheric parameters relevant for adaptive optics (see equations 1, 2 and 3). The first one corresponds to the least propitious case (analysis plane at 4 km) of the set-ups used with the double star BS7948 (more than 20 per cent of the turbulence profiles in the data base were obtained pointing to this binary system). The second one corresponds to the configuration providing the lowest error of the configurations used: the double star BS4057 and analysis plane at 3 km (0.3 per cent of the profiles in the data base were obtained using this configuration). The third case corresponds to the profiles where the influence of the normalization is worst, corresponding to the data acquired observing BS5054 and placing the analysis plane at 6 km (only 0.08 per cent of the profiles were obtained through this configuration). As an anecdote, the best and worst configurations were used on the same night (2003 February 9) , during the starting steps of the monitoring at Teide Observatory, and never used again.
The case of BS7948 and an analysis plane at 4 km
We have selected the C 2 N (h) profiles derived from generalized SCI-DAR observations on a particular night (2003 August 31) obtained pointing to BS7948 (θ = 9.6 arcsec and m = 0.87 mag) and using an analysis plane at 4 km -the worst, in terms of errors induced by normalization, of the observational set-ups used with this double star. We will refer to these profiles as BS7948 uncorrected . Fig. 3(a) shows the average turbulence profile during the night of 2003 August 31 derived from BS7948 uncorrected (black solid line). In order to compensate for the error introduced during data processing, we multiplied each individual BS7948 uncorrected by the factor 1/(1+ ) (as a function of altitude) derived through equation (5) (see dotted line in plot corresponding to BS7948 in Fig. 3a) . We will refer hereafter to these corrected profiles as BS7948 corrected . Fig. 3(a) also includes the average turbulence profile obtained from BS7948 corrected . It is important to note that, although turbulence strength is overestimated in BS7948 uncorrected as a consequence of the normalization during generalized SCIDAR data processing, the turbulence structure presents the same features as results derived from BS7948 corrected . The average relative error [(BS7948 uncorrected − BS7948 corrected )/(BS7948 uncorrected + BS7948 corrected ) * 100] is 17 per cent for this configuration, reaching a relative error of 41 per cent at 25 km above sea level. The lowest relative error in the turbulence profile is 9 per cent at observatory level.
Through equations (1), (2) and (3), we have calculated the total seeing (seeing = 0.98λ/r 0 ), the boundary-layer (up to 1 km) contribution to the seeing (BL), the free-atmosphere contribution to the seeing (FA), the isoplanatic angle (θ 0 ) and the coherence time (τ 0 ). Fig. 3 shows the results obtained using BS7948 uncorrected (black squares) and BS7948 corrected (open circles). The statistical values of these parameters derived from uncorrected and corrected profiles are presented in Table 3 .
As we already noted, the normalization of the autocovariance leads to an overestimation of the turbulence (Avila & Cuevas 2009 ). Therefore the seeing values (total seeing, BL and FA) derived from the uncorrected C 2 N (h) profiles are larger than the corresponding values obtained from the corrected profiles (see Figs 3, 4 and 5). In the case of the isoplanatic angle and the coherence time, the error introduced by the generalized SCIDAR data processing results in an underestimation of these parameters (see Figs 3, 4 and 5 and Table 3 ). The temporal behaviour of the observations of these atmospheric parameters does not differ when comparing values derived from the uncorrected and corrected profiles. In the case of BS7948, we obtained an overestimation of the total seeing by up to 22.7 per cent when using uncorrected values, with an average overestimation of 15.6 per cent. The BL and FA are also overestimated (by 15.7 per cent in the case of BL and up to 23.3 per cent for FA). The isoplanatic angle is underestimated by 13.8 per cent on average, while the coherence time presents an average underestimation of 13 per cent.
The case of BS4057 and an analysis plane at 3 km
The double star BS4057 (θ = 4.6 arcsec) and analysis plane at 3 km were combined on only one night (2003 February 9) to obtain 234 individual turbulence profiles. Fig. 4(a) presents the average turbulence profile derived from BS4057 uncorrected and BS4057 corrected (following the same procedure and nomenclature as for BS7948 in Section 2.2.1). The turbulence structure is practically the same. The average relative error between both average profiles is only 4.5 per cent, being below 5.5 per cent at any altitude. Fig. 4(b) shows the temporal evolution of atmospheric parameters derived from the selected BS4057 generalized SCIDAR observations. The seeing is slightly overestimated (4.9 per cent, 4.6 per cent and 5.1 per cent on average for seeing, BL and FA, respectively), while in contrast Table 3 . Statistical values of the atmospheric parameters derived from the generalized SCIDAR observations obtained pointing to BS7948 for almost 1.5 h, BS4057 for slightly more than 1.5 h and BS5054 for upwards of 30 min (see text for configuration and dates). Statistical values derived from data ignoring the errors introduced by the normalization of the scintillation autocovariance in the calculation of C 2 N (star uncorrected ) are compared with those obtained from profiles after multiplying by the appropriate factor to compensate for such errors (star corrected ). the isoplanatic angle (5.1 per cent on average) and coherence time (4.5 per cent) are slightly underestimated. Table 3 includes the statistical values for the atmospheric parameters relevant for adaptive optics derived from the data acquired with the selected generalized SCIDAR configuration.
The case of BS5054 and an analysis plane at 6 km
Although a small fraction (0.05 per cent) of the total number of turbulence profiles were obtained pointing to the double star BS5054 (θ = 14.5 arcsec) and placing the analysis plane at 6 km, this is a clear example of the drastic consequences of the shift of the scintillation pattern produced by each star on the detector in generalized SCIDAR observations. Fig. 5(a) presents the average turbulence profile derived from BS5054 uncorrected and BS5054 corrected (following the same procedure and nomenclature as for BS7948 in Section 2.2.1). Again, turbulence structure is almost the same, but turbulence strength is clearly overestimated in average profiles derived from BS5054 uncorrected data. The average relative error reaches 42 per cent in this case, with a maximum value of 75 per cent at 17 km. Fig. 5(b) shows the temporal evolution of atmospheric parameters derived from the selected BS5054 generalized SCIDAR observations. The seeing is largely overestimated (48.7 per cent, 40.5 per cent and 67.4 per cent on average for seeing, BL and FA, respectively), while the isoplanatic angle (45.7 per cent on average) and coherence time (29 per cent) are clearly underestimated. Table 3 includes the statistical values of the atmospheric parameters derived from the data analysed in this section. The figures in Table 3 demonstrate the drastic consequences when deriving statistical values of atmospheric parameters using C 2 N profiles retrieved from generalized SCIDAR observations in a non-appropriate configuration.
The particular cases studied in this section show how the profiles from generalized SCIDAR observations and any results derived from them are affected by the normalization of the scintillation autocovariance during data processing. For any observational set-up it is important to evaluate the errors induced by such normalization and correct them.
S TAT I S T I C A L AT M O S P H E R I C O P T I C A L T U R B U L E N C E V E RT I C A L D I S T R I B U T I O N
We have combined all the individual turbulence profiles -corrected for the errors induced during generalized SCIDAR data processing -obtained during 153 nights of useful generalized SCIDAR observations at Teide Observatory in order to have a view of the turbulence structure at this astronomical site. Fig. 6 shows the average (solid line) and median (dashed line) turbulence profiles, both being statistically representative of the optical turbulence structure at Teide Observatory. The strength of the turbulence is largest at the observatory level, steeply decreasing with altitude. Indeed, 60 per cent of the total turbulence is concentrated at the boundary layer (up to 1 km above the observatory level) in the average profile, while this percentage increases to almost 72 per cent in the median statistical profile. At around 5 km above sea level there is a turbulence feature that is clearer in the average profile than in the median profile. At around 15 km other turbulence concentrations of lower strength appear. We found that most of the turbulence (upwards 85 per cent) at Teide Observatory is concentrated in the first 5 km above the site.
Seasonal trends of the optical turbulence structure have already been reported for different astronomical sites (Masciadri et al. 2010; Els et al. 2009; García-Lorenzo et al. 2009b Fuensalida et al. 2007; Masciadri & Egner 2006; Masciadri & Garfias 2001) . Combining the profiles obtained for the same months, we have derived the monthly average and median optical turbulence profiles (Fig. 7) , which constitute the seasonal evolution of the turbulence structure at Teide Observatory. The statistical significance is not the same for all profiles in Fig. 7 , because the amount of data varies significantly from month to month (see Table 1 ). As in the case of the global statistical profile (Fig. 6) , we find that the turbulence is concen- (Fuensalida et al. 2008 ) and profiles were corrected for the error induced during generalized SCIDAR processing (Avila & Cuevas 2009 ). The horizontal line indicates the observatory altitude (∼2400 m). trated close to the ground level for any month at this astronomical site. The turbulence strength at the observatory level is quite stable along the standard year (following the nomenclature used in Els et al. 2009 ). Above 1 km, different features appear and disappear over the months. There is a clear turbulence feature at around 5 km above sea level that seems to evolve slightly in altitude but also in intensity, being clearly present in the July and August statistical profiles. A second turbulence feature is present in the region between 11.5 and 15.5 km above sea level in almost all the statistical turbulence profiles in Fig. 7 . This feature evolves in altitude and strength, being in general more intense at lower altitudes. A similar behaviour was found at Mt Graham International Observatory (Arizona, USA), where the peak of a turbulence layer moves 4 km in altitude and reduces its strength from winter to summer (Masciadri et al. 2010) . The turbulence profiles recorded at San Pedro Mártir (Mexico) also present a turbulence layer at this altitude level (Masciadri & Egner 2006; Avila et al. 2004 ). This high-altitude turbulence concentration could be related to the jet-stream wind, as has been suggested for San Pedro Mártir (Mexico) and Mt Graham (Masciadri et al. 2010; Masciadri & Egner 2006) . However, it has been shown that not all the wind vertical profiles have signatures of the jet stream above Teide Observatory (García-Lorenzo et al. 2009a) . Furthermore, turbulence profiles presenting a high-altitude (11.5-15.5 km region) turbulence layer have been observed when wind vertical profiles do not present the jet-stream feature; quite to the contrary, no turbulence concentration has been detected in this region in the presence of strong high-altitude winds (see Appendix A in García-Lorenzo et al. (2009a) for examples of such behaviour). Therefore, we do not find clear evidence suggesting that jet stream is the driver of high-altitude turbulence at Teide Observatory. Not only the jet stream but also other factors might be The turbulence structure at Teide Observatory is quite similar to the turbulence structure reported for the nearby Roque de los Muchachos Observatory García-Lorenzo et al. 2007 , 2009b .
Atmospheric parameters relevant for adaptive optics
The large data base of atmospheric turbulence profiles above Teide Observatory can be used to calculate the statistical Fried's parameter and isoplanatic angle (through equations 1 and 2) that characterize an efficient adaptive optics system for this site. The average value for Fried's parameter obtained including all the turbulence profiles recorded is r 0 = 16.90 ± 5.30 cm, while the median value is 15.79 cm. The average and median values obtained for the isoplanatic angle using the full data base are θ 0 = 3.15 ± 1.65 arcsec andθ 0 = 2.83 arcsec. If the overestimation of the turbulence strength during the generalized SCI-DAR data processing is not considered, the statistical values of these parameters will be r 0 = 15.29 ± 4.82 cm,r = 14.44 cm, θ 0 = 2.76 ± 1.43 arcsec andθ 0 = 1.43 arcsec. The uncertainties indicate only the standard deviation of the averaged measurements. These statistical values for the atmospheric parameters relevant for adaptive optics confirm the high quality of the Canary Islands astronomical sites for high-spatial-resolution astronomy.
S U M M A RY A N D C O N C L U S I O N S
We have been monitoring C 2 N (h) profiles since 2002 at Teide Observatory (Tenerife, Canary Islands, Spain). The total number of nights with useful generalized SCIDAR measurements is 153, 93 662 being the total number of C 2 N (h) profiles recorded at this site. We have calculated the error induced during generalized SCIDAR data processing as a consequence of the shift on the detector of each of the double stars observed to record the data. These errors are significant for some of the observational configurations used at Teide Observatory. We have shown the effects of theses errors in the calculation of atmospheric parameters relevant for adaptive optics. Following the procedure proposed by Avila & Cuevas (2009) , we have corrected all the turbulence profiles in the Teide C 2 N (h) data base. Combining all the corrected turbulence profiles, we have obtained the statistical turbulence profile representative of the turbulence structure at Teide Observatory. We have also derived the monthly statistical C 2 N (h), which constitutes the seasonal evolution of the optical turbulence structure at this astronomical site and the characteristic atmospheric parameters. The main conclusions that we have derived from this work can be summarized as follows.
(i) The generalized SCIDAR data processing leads to an inexact estimate of the optical turbulence strength that might exceed 15 per cent at different altitudes for many of the observational configurations used at Teide Observatory.
(ii) The effect of the error introduced during generalized SCI-DAR data processing consists of an overestimation of the turbulence strength, but following the actual turbulence structure.
(iii) The error introduced by the normalization during the processing of the generalized SCIDAR can drastically overestimate (Avila & Cuevas 2009 ) the seeing (total, boundary-layer and freeatmosphere contributions to the seeing), being as large as 50 per cent for high-altitude layers in some generalized SCIDAR configurations used at Teide Observatory.
(iv) The normalization errors also affect isoplanatic angle and coherence time. In some of the observational set-ups used at Teide Observatory, the underestimation of θ 0 and/or τ 0 could exceed 30 per cent.
(v) The global statistical profiles show that more than 85 per cent of the optical turbulence above Teide Observatory is concentrated in the first 5 km. The average C 2 N (h) presents an intense turbulence layer at the observatory level, and other two turbulence layers at about 5 and 15 km of much lower strength.
(vi) The turbulence strength of the layer at the observatory level is almost stable in time according to the monthly statistical turbulence profiles, although the statistical significance of these C 2 N (h) varies over the months.
(vii) The seasonal behaviour of the turbulence structure above the Teide site shows a turbulence layer placed at ∼5 km above sea level that seems to evolve in altitude and intensity, July being the month in which this layer peaks. This layer has been also reported for Roque de los Muchachos Observatory (García-Lorenzo et al. 2009b; Fuensalida et al. 2007; García-Lorenzo et al. 2007) (viii) A turbulence feature is also present at an altitude of ∼14 km on average, which evolves in altitude and strength. This highaltitude turbulence layer has already been reported for other astronomical sites (Avila et al. 2004; Masciadri & Egner 2006; García-Lorenzo et al. 2007 , 2009b Fuensalida et al. 2007; Masciadri et al. 2010) .
(ix) The average and standard deviation values of the atmospheric parameters relevant for adaptive optics derived from all the useful optical turbulence profiles recorded at Teide site are 0 = 0.65 ± 0.19 arcsec, BL = 0.50±0.17 arcsec, FA = 0.33±0.15 arcsec, r 0 = 16.90 ± 5.30 cm and θ 0 = 3.15 ± 1.65, calculated at λ = 5000 Å.
The statistical optical turbulence profiles in this paper and the derived statistical values for the atmospheric parameters confirm the high quality of Teide Observatory in particular and the Canary Islands astronomical sites in general for adaptive optics systems implementation.
